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ABSTRACT: A highly efficient, selective synthesis of benzyl

esters by palladium catalysis is developed through the r

bidentate directing group assisted functionalization of multiple

C(sp*)—H bonds.

he formation of esters is one of the most fundamental

transformations in organic synthesis due to the potential
utility of esters in fine chemicals, agrochemicals, polymers,
pharmaceuticals, and natural organic molecules." Accordingly,
the efficient synthesis of esters has attracted considerable
interest. In general, the nucleophilic reactions of carboxylic
acids and their derivatives with alcohols/halohydrocarbons are
reliable methods for the preparation of esters.” However, these
protocols require the prefunctionalization of substrates and often
suffer from harsh reaction conditions. To overcome these
disadvantages, much effort has focused on transition-metal-
catalyzed oxidative C—H bond cleavage for the assembly of
esters.” In particular, the catalytic esterification of benzylic sp®
C—H bonds has recently become a hot topic due to the
importance of benzyl esters,’ and pioneering work on the
synthesis of benzyl esters from toluene has been reported.” For
instance, the Patel group developed the copper-catalyzed cross
dehydrogenative coupling (CDC) reaction of aryl aldehydes with
toluene for the synthesis of benzyl esters using tert-butyl
hydroperoxide (TBHP) as the oxidant, in which the benzylic
sp®> C—H bond of toluene was oxidized to benzyl alcohol in situ
and dual C—H oxidative cross coupling was achieved.” Later, the
direct benzylation of carboxylic acids by toluene under oxygen
was reported by Zhang and co-workers using palladium
catalysis.”” In these transformation, the direct esterification of
toluene with aldehydes or carboxylic acids is successfully
achieved (Scheme 1, a). In principle, the most direct route for
access to benzyl esters is the selective benzylation of toluene with
another alkylbenzenes. However, successful esterification
between two different alkylbenzenes is far more elusive: (1)
toluene can react not only with itself but also with another
different alkylbenzene, and (2) the benzylic C—H bond can be
oxidized not only to the corresponding hydroxyl but also to the
corresponding aldehyde.

The chelation-assisted transition-metal-catalyzed functionali-
zation of C—H bonds has emerged as a powerful tool for the
construction of C—C and C—X bonds.” To date, several methods
for the direct, catalytic functionalization of benzylic sp> C—H
bonds, such as alkenylation and amidation, have been reported.®
Recently, we studied the palladium-catalyzed arylation/oxida-
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tion”* and oxidative acetoxylation of benzyhc C—H bonds with
the assistance of a bidentate auxiliary.”” We envisioned that the
introduction of a directing group in the alkylbenzenes might
allow the selective oxidation of a benzylic C—H bond to achieve
esterification between two different alkylbenzenes. As the first
attempt, a mixture of picolinoyl-protected toluidine la and
toluene 2a was treated with 10 mol % of Pd(OAc), catalyst and 2
equiv of Ag,COj; as an oxidant at 140 °C in air. The esterification
product 3a was indeed obtained in 23% yield after 24 h (Table 1,
entry 1). This catalytic reaction was found to be powerful enough
to generate the benzyl ester through multiple benzylic C—H
bond cleavages. Furthermore, this transformation exhibits high
selectivity: the byproducts of the benzylation of toluene with 1a
and the benzylation of toluene with itself were not observed.
Thus, the selective palladium-catalyzed benzylation of alkylben-
zenes with toluene is achieved with the assistance of a bidentate
auxiliary (Scheme 1, b).

To optimize the reaction conditions, a variety of palladium
catalysts were examined. It was found that the use of Pd(TFA),
and Pd,(dba); also gave the esterification product 3a as the main
product, but in low yields (Table 1, entries 2 and 3). Among the
palladium sources examined, PdCl, was found to be the most
efficient catalyst (Table 1, entry 4). Silver carbonate was proved
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Table 1. Optimization of Reaction Conditions”

PA "
NH NH
[Pd] oxidant, additive \/@
CL © 140 "C 24 h, air (1’(0
o
1a 3a
entry catalyst oxidant additive yield” (%)

1 Pd(OAc), Ag,CO, 23
2 Pd(TFA), Ag,CO, 21
3 Pd,(dba), Ag,CO; 20
4 PdCl, Ag,CO, 28
s PdCl, K,$,04 NR
6 PdCL, BQ NR
7 PdCl, TBHP NR
8 PdCl, Ag,CO, HOAc 32
9 PdCl, Ag,CO, PivOH 43
10 PdCl, Ag,CO; TFA trace
11 PdCl, Ag,CO, OTA 35
12 PdC, Ag,CO, OTA 64°
13 Ag,CO; OTA o
14 PdCl, Ag,CO, OTA 0°
15 pdcl, Ag,CO; OTA 48"

e

H
N\n/ OsNH
o 5/

I NR. I NR. Il NR.

“Reaction conditions: 1a (0.2 mmol), 2a (3.0 mL), PdCl, (0.02
mmol), oxidant (0.4 mmol), and additive (0.4 mmol) under air at 140
°C for 24 h. "Isolated yleld by flash column chromatography. 0.6
mmol of Ag,CO; was used. “Without PACl, *Under N, atmosphere.
fUnder O, atmosphere. PA = 2-pyridylacyl, OTA = o-toluic acid.

to be the best oxidant (Table 1, entry 4). Other oxidants, such as
K,S,04, benzoquinone (BQ), and fert-butyl hydroperoxide
(TBHP), were entirely ineffective (Table 1, entries 5—7). The
addition of acid was particularly effective, and o-toluic acid was
superior, giving the esterification product 3a in 55% yield (Table
1, entries 8—11). After further investigation, we were pleased to
find that the isolated yield of 3a was improved to 64% by using 3
equiv of Ag,COj; (Table 1, entry 12). No desired esterification
product was observed in the absence of palladium catalyst (Table
1, entry 13), and the reaction failed in a nitrogen atmosphere
(Table 1, entry 14). In addition, the yield of 3a was decreased
when the reaction was performed under O, atmosphere. A
possible reason is that the toluene may be oxidized to
benzaldehyde rapidly under the pure O, atmosphere, which
hinders the generation of ester (Table 1, entry 15).

The directing group was found to be crucial for this
esterification transformation. No reaction occurred when
benzamide I or acetamide IT was used as the substrate, illustrating
that bidentate coordination was essential for the reaction. 8-
Aminoquinolinamide III, which possesses the popular directing
group of bidentate 8-aminoquinoline auxiliary, also failed to give
the desired ester, showing the predominant power of
picolinamide as the directing group in this esterification reaction.

With the optimal conditions in hand, we next investigated the
scope of picolinamide arene substrates as shown in Scheme 2. In
general, arenes bearing both electron-donating and electron-
withdrawing groups reacted well under the optimized conditions.
For instance, the electron-rich arenes generated the correspond-
ing benzyl esters in high yields (3a—d). A picolinamide arene
with a phenyl group at the para position participated smoothly in

Scheme 2. Substrate Scope of Picolinamides™”
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“Isolated yields are given. bReaction conditions: 1 (0.2 mmol), 2a (3
mL), PdCl, (0.02 mmol), Ag,CO; (0.6 mmol), 140 °C, air, 24 h. PA =
2-pyridylacyl.

the reaction to give the desired product in 52% yield (3e).
Notably, C—Cl and C—Br bonds remained intact during the
reaction (3f—k), providing an additional opportunity for further
elaboration of the products by cross-coupling reactions.
Picolinamide arenes with strong electron-withdrawing groups,
such as fluoro, acetyl, and ester groups, were good substrates for
this esterification reaction, affording the corresponding benzyl
esters in good yields (31—n). The sterically hindered arenes were
slightly disfavored, delivering the corresponding products in
relatively lower yields (3h and 3k). The selectivity of this
transformation was that the three C—H bonds of the methyl
group in picolinamide arenes were thoroughly oxidized to
generate the benzoyl moiety of the esters, and only one C—H
bond in toluene was cleaved to provide the benzyloxy portion in
the formed esters. X-ray crystallographic analysis of 3i further
confirmed the structure of this esterification reaction product
(Figure 1).

Figure 1. ORTEP drawing of 3i.
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We subsequently applied this new esterification method to
diverse alkylbenzene substrates, as shown in Scheme 3.
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Gratifyingly, both electron-rich and electron-deficient alkylben-
zenes could be smoothly converted to the desired esters in good
yields (4a—k, 46—71%). The substrates with more than one
methyl group, such as xylene (o-, m-, p-) and mesitylene, were
examined, and an appealing outcome was obtained in the
formation of only monoester product (4a—d). The trans-
formation was compatible with common functional groups,
including methoxy, fluoro, chloro, and trifluoromethyl groups
(4e—j). It is worth mentioning that the relatively bulky
ethylbenzene could be included in the reaction and exhibited
good reactivity (4k).

Control experiments were performed to obtain insights into
the reaction mechanism (Scheme 4). When picolinamide
benzylic alcohol $ or picolinamide benzylic ether 6 was used as
the substrate under the standard conditions, only a trace of the
desired product 3a was observed (eq 1-2). This result
demonstrated that neither picolinamide benzylic alcohol nor its
ether is involved in the formation of the benzyl ester. In addition,
no desired product was observed when 2-(picolinamido)benzoic
acid 7 was used as the substrate (eq 3), showing that
picolinamide carboxylic acid was not the key intermediate for
the formation of the benzyl esters. In contrast, N-(2-
formylphenyl)picolinamide 8 could participate in the reaction
to deliver the desired benzyl ester in 46% yield (eq 4), suggesting
that picolinamide benzaldehyde might be an intermediate in the
esterification. The esterification reaction of la with benzylic
alcohol 9 proceeded smoothly to give the product 3a in 76% yield
(eq S), confirming that toluene served as the source of the
PhCH,O— group. Additionally, the reaction of compound 8 and
9 was performed, and the product 3a was obtained in 51% yield,
implicating that compound 8 and 9 might be involved in the
reaction (eq 6). Because the reaction failed in a nitrogen
atmosphere (Table 1, entry 14) and the '*O-labeled product was
not observed in the existence of H,'O under the reaction
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Scheme 4. Control Experiments
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conditions (eq 7), the oxygen in the ester is proved to originate
from O, in the air. The addition of a radical scavenger 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) to the reaction halted
the esterification reaction, indicating that a radical process might
be involved in the reaction. In addition, the benzyl radical was
trapped by TEMPO (see the Supporting Information).

Based on the above observations and previous investigation,
we propose a plausible reaction mechanism for this efficient
esterification transformation as shown in Scheme S. The initial

Scheme 5. Mechanistic Hypothesis
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picolinamide-assisted palladation leads to the formation of
palladacycle A,"® which is oxidized by the benzyl peroxide radical
to generate the Pd(IV)"" or dimeric PA(III)"” intermediate B.
The reductive elimination of intermediate B results in
intermediate C, which undergoes the second palladation to
give intermediate D. The subsequent Kornblum—DeLaMare
rearrangement affords intermediate E,"* and the reaction of E
with benzyl alcohol produces intermediate F."* MALDI-TOF
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mass analysis of the reaction mixture proved the formation of
intermediates E and F during the esterification process (see the
Supporting Information). Finally, the f-hydrogen elimination
and reductive elimination of intermediate F delivers the
esterification product (3a) and liberates the Pd(0). The catalytic
Pd(II) is then regenerated by oxidation to initiate the next cycle.

In conclusion, we have developed an efficient new protocol for
the synthesis of benzyl esters via the palladium-catalyzed
selective activation of multiple benzylic C(sp*)—H bonds. The
bidentate system is proved to be crucial to the successful selective
formation of benzyl esters. The oxygen in the ester is proved to
originate from O, in the air, and the method displays exceptional
compatibility with a wide range of functional groups to give
benzyl esters selectively in good yields. Further investigations of
the detailed mechanism are underway in our laboratory.
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